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Spermatogenesis consists of complex cellular and developmental processes, such as the mitotic proliferation of spermatogonial stem cells,
meiotic division of spermatocytes, and morphogenesis of haploid spermatids. In this study, we show that RNA interference (RNAi) functions
throughout spermatogenesis in mice. We first carried out in vivo DNA electroporation of the testis during the first wave of spermatogenesis to
enable foreign gene expression in spermatogenic cells at different stages of differentiation. Using prepubertal testes at different ages and
differentiation stage-specific promoters, reporter gene expression was predominantly observed in spermatogonia, spermatocytes, and round
spermatids. This method was next applied to introduce DNA vectors that express small hairpin RNAs, and the sequence-specific reduction in
the reporter gene products was confirmed at each stage of spermatogenesis. RNAi against endogenous Dmc1, which encodes a DNA
recombinase that is expressed and functionally required in spermatocytes, led to the same phenotypes observed in null mutant mice. Thus,
RNAi is effective in male germ cells during mitosis and meiosis as well as in haploid cells. This experimental system provides a novel tool
for the rapid, first-pass assessment of the physiological functions of spermatogenic genes in vivo.
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Spermatogenesis is the differentiation process of male
germ cells to produce mature spermatozoa, and is divided
into three distinct stages: the mitotic proliferation of
spermatogonial stem cells, meiotic division of spermato-
cytes, and spermiogenesis of haploid spermatids (Zirkin,
1993). In mice, the proliferation of spermatogonia occurs
soon after birth, at around 5 days post-partum (dpp), and this
is followed by the first wave of spermatogenic diffe-
rentiation, which gives rise to primary spermatocytes at
around 10 dpp, haploid round spermatids at 20 dpp, and
mature spermatozoa at 35 dpp (Bellve et al., 1977; Zhao and
Garbers, 2002). This differentiation takes place in the
seminiferous tubules, in which spermatogonia and Sertoli
cells sit on the basement membrane, with spermatocytes
interior to spermatogonia, and spermatids and mature0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.03.030
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the continuous proliferation of spermatogonia and subse-
quent differentiation, functional spermatozoa are produced
throughout male life.
Studies of genes that regulate spermatogenesis are being
carried out mostly via the production and analysis of mutant
mice carrying transgenes or targeted gene disruptions
(Escalier, 1999). However, like other cell lineages, there
remain many genes and genetic interactions that are
uncharacterized. In particular, if genes of interest respon-
sible for fertility are located on the Y chromosome or if the
haploinsufficiency of certain genes causes sterility, conven-
tional targeted disruption of such genes in embryonic stem
(ES) cells will result in the failure of germ-line transmission
(Cho et al., 2001; Rohozinski et al., 2002). Conditional gene
targeting could circumvent these problems (Lewandoski,
2001), but this method is labor intensive and time
consuming.
Within the past few years, double-strand RNA-mediated
posttranscriptional gene silencing, or RNA interference82 (2005) 524 – 534
Fig. 1. Foreign gene expression at different stages of differentiation during spermatogenesis in vivo. (A) Schematic representation of spermatogenesis in mouse
seminiferous tubule. (B) Differentiation time course of the first wave of spermatogenesis. (C and D) Prepubertal testis transfected with pCyclinA1-EGFP for
5–8 dpp (C). In a section of a testis treated as in C, EGFP expression (green) was observed in spermatogonia, as identified by immunostaining for TRA98/104
(D, red, arrowhead). (E and F) A testis transfected with pPgk2-EGFP for 8–15 dpp (E). Anti-SCP3 immunostaining (red) shows synaptonemal complexes in
meiotic spermatocytes (F, arrowhead). (G and H) A testis transfected with pPgk2-EGFP for 15–25 dpp (G). Spermatids were identified by anti-FE-J1
immunostaining (H, red, arrowhead) and their characteristic nuclear morphologies. The dotted lines indicate the basement membranes of the seminiferous
tubule. Nuclei were counterstained with Hoechst 33342 dye (blue). Scale bars: (C, E, and G) 1 mm and (D, F, and H) 50 Am.
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functions of genes in many organisms. RNAi induces
sequence-specific mRNA degradation using a small interfer-
ing RNA (siRNA) that guides an RNA-induced silencing
complex (RISC) to the silencing target (Hannon, 2002). In
mammals, the introduction of chemically synthesized siRNA
or a vector-based system expressing short hairpin type of
siRNA (shRNA) transcribed from RNA polymerase III
promoter induces sequence-specific gene silencing in various
cell types and tissues (Dorsett and Tuschl, 2004; Shi, 2003).
In this study, the in vivo DNA electroporation of pre-
pubertal mouse testes was first carried out to enable foreign
gene expression at each stage of differentiation during
spermatogenesis. This method was then applied to show that
RNAi is effective throughout spermatogenesis, includingduring meiosis and haploids. This experimental system
provides a novel tool for the study of spermatogenesis in
vivo.Materials and methods
Plasmid vectors
pUC13-EGFP containing the enhanced green fluores-
cent protein gene was constructed by ligating a HindIII–
SspI fragment of pEGFP-N1 (Clontech, USA), a SalI–
BamHI fragment of pCAGGS (Niwa et al., 1991) in which
the BamHI site was blunted, and a SalI–HindIII multi-
cloning site of pBluescript II SK() (Stratagene, USA).
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Muller-Tidow et al., 2003) and the 1.4-kb human phos-
phoglycerate kinase 2 (Pgk2) promoter (Robinson et al.,
1989), amplified by polymerase chain reaction (PCR) from
human genomic DNA using the primers 5V-GTGGC-
CATTTGAATAAGCTTTGGA-3V and 5V-GGTACCGG-
GAAAGCCGGTCTCAAT-3V for the cyclin A1 promoter
and 5V-AAGCTTGATGACTTGTATGGTAAGT-3V and 5V-
GGTACCAACTTGCTGTTGAGGGG-3V for the Pgk2
promoter, were cloned into the EcoRV site of pBluescript
II SK(), and the HindIII–KpnI fragments were subcloned
into the same sites of pUC13-EGFP (pCyclinA1-EGFP and
pPgk2-EGFP). To construct expression vectors that contain
red fluorescent protein from Discosoma (DsRed), pCy-
clinA1-DsRed2 and pPgk2-DsRed2, BamHI–NotI frag-
ments of pCyclin A1-EGFP and pPgk2-EGFP were
replaced with a BamHI–NotI fragment of pDsRed2-N1
(Clontech). pCAG-ECFP, which contains enhanced cyan
fluorescent protein, was constructed by blunt-end ligation of
a BamHI–NotI fragment of pECFP-N1 (Clontech) into an
EcoRI site of pCAGGS. pCAG-Dmc1 contains a full-length
cDNA that encodes DMC1 with a N-terminal 6xHis tag in an
EcoRI site of pCAGGS. shRNA expression vectors were
constructed by inserting annealed DNA oligonucleotides into
BamHI–HindIII sites of pSilencer 3.0-H1 (Ambion, USA).
Target sequences of shRNAs for EGFP (Xia et al., 2002) and
DsRed2 (Chiu and Rana, 2002) used were as previously
described, and the shRNA sequence for EGFP was also used
to silence mitochondrially localized enhanced yellow fluo-
rescent protein (EYFP-mito). The target sequence of Dmc1
was 5 V-GTAGGAATCTGTACCATTAAA-3 V (pH1-
shDmc1). pCyclinA1-EGFP and DsRed2 were linearized at
a SalI site before transfection, because nonspecific expres-
sion in Sertoli cells was observed when they were used as
circular plasmids (data not shown). Other plasmids were
transfected in their circular forms. All plasmid DNA was
dissolved in 20 mM HEPES and 150 mM NaCl solution at a
concentration of 0.5 mg/ml.
DNA injection and electroporation of the testis
ICR:Jcl mice purchased from Clea (Tokyo, Japan) and
CAG-EYFP-mito transgenic mice (Huang et al., 2000)
maintained in an ICR:Jcl background were used for in vivo
DNA electroporation. Male mice at 5 and 8 dpp were placed
on ice to cause hypothermia-induced anesthesia (Kanatsu-
Shinohara et al., 2003), and male mice at 15 dpp were
anesthetized with Nembutal solution. Testes were pulled out
from the abdominal cavity or scrotum, and approximately 2
(5 dpp), 5 (8 dpp), or 8 (15 dpp) Al of plasmid DNA
solution was injected into the rete testis using glass
capillaries under a binocular microscope as previously
described (Ogawa et al., 1997). Electric pulses were
delivered with an Electrosquare Porator T820 electric pulse
generator (BTX, USA). Testes at 8 and 15 dpp were directly
held between a pair of CY650P5 tweezer-type electrodes(Unique Medical Imada, Japan), and testes at 5 dpp were
floated between electrodes in 0.9% saline. Square electric
pulses were applied four times, and again four times in the
reverse direction at 30 V (8 dpp), 35 V (15 dpp), or 50 V
(5 dpp) for 50 ms for each pulse. The testes were then
returned to the abdominal cavity, and the abdominal wall
and skin were closed with sutures.
Histological examination
Testes were fixed with 2% paraformaldehyde (PFA) in
PBS for 3 h, embedded in OCT compound (Sakura, Japan),
cut into 10-Am-thick sections, and then processed for
immunofluorescence staining. For primary antibodies, we
used anti-germ-cell-specific nuclear antigen TRA98/104
(Tanaka et al., 1997), anti-synaptonemal complex protein 3
(SCP3, Chuma and Nakatsuji, 2001), anti-FE-J1 (the Deve-
lopmental Studies Hybridoma bank, USA), anti-single
stranded DNA (ssDNA, DakoCytomation, Denmark), anti-
SCP1/SYN1 (Dobson et al., 1994), anti-DMC1 (Yoshida et
al., 1998), and anti-phospho-histone H2A.X (Upstate Bio-
technology, USA). The secondary antibodies used were
Alexa 488-conjugated goat anti-rabbit immunoglobulin (Ig)
G (Molecular Probes, USA), Alexa 546-conjugated goat anti-
rat IgG (Molecular Probes), tetramethylrhodamine-
conjugated goat anti-rabbit Igs (Biosource, USA), and
tetramethylrhodamine-conjugated goat anti-mouse Igs (Bio-
source). A tyramide signal amplification system (Perkin-
Elmer, USA) was used for anti-DMC1 immunostaining, and
nuclei were counterstained with 1 Ag/ml Hoechst 33342 dye.
Images were taken with a BX60 fluorescence microscope
(Olympus, Japan) mounted with a CCD camera (Axiocam,
Zeiss, Germany).
Flow cytometry
The seminiferous tubules of decapsulated testes were
dissociated with collagenase, and single-cell suspensions
were obtained by trypsin treatment (Ogawa et al., 1997). For
immunostaining of TRA98/104 and SCP3, cells were fixed
with 4% PFA in PBS, permeabilized with 0.1% Triton X-
100 in PBS, and then immunostained with primary anti-
bodies followed by Alexa 546-conjugated goat anti-rat IgG
or Alexa 546-conjugated goat anti-rabbit IgG (Molecular
Probes). For cell cycle analysis, cells were fixed with 4%
PFA in PBS followed by 70% ethanol, and stained with 20
Ag/ml propidium iodide (PI) in PBS containing 400 Ag/ml
RNase A. The samples were analyzed using a FACSCalibur
flow cytometer and Cell Quest software (Becton Dickinson,
USA). Arithmetic means were used to compare the relative
amount of signals in each gated region.
Relative quantification of mRNA
Seminiferous tubules were dissected from testes under a
fluorescent stereomicroscope with fine forceps in PBS and
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10–15 min at 37-C. Spermatogenic cells expressing EGFP
or DsRed2 distinctively were picked up using a micro-
manipulator under an inverted fluorescence microscope.
One hundred cells were processed to obtain cDNA for each
sample using a Cell-to-cDNA kit (Ambion). Real-time PCR
for the relative quantification of EGFP and DsRed2 mRNA
was carried out using an ABI Prism 7700 Sequence
Detection System (Applied Biosystems, USA). The PCR
primers used for EGFP were 5V-TACCTGAGCACC-
CAGTCCG-3V and 5V-TTGTACAGCTCGTCCATGCC-3V,
and the hybridization probe used was 5V-TET-CCCAAC-
GAGAAGCGCGATCACAT-TAMRA-3V. The primers used
for DsRed2 were 5V-GGTGGAGTTCAAGTCCATCTA-
CATG-3V and 5V-GTACTGCTCCACGATGGTGTAGTC-3V,
and the hybridization probe used was 5V-FAM-CCAAGCT-
GGACATCACCTCCCACA-TAMRA-3V. PCRs were car-
ried out in triplicate wells, and the relative expression of
EGFP or DsRed2, calculated by the comparative CT
method, was normalized against that of DsRed2 or EGFP,
respectively.
Relative quantification of DMC1
To assess the efficacy of pH1-shDmc1, NIH/3T3 cells
were transfected with pCAG-Dmc1 and pCAG-ECFP in the
presence of pH1-shDmc1 or pH1-shControl that targets a
nonhomologous sequence using Effectene transfection
reagent (Qiagen, USA). Forty-eight hours later, the cells
were fixed with 4% PFA in PBS and immunostained using
anti-DMC1 antibody and a tetramethylrhodamine-tyramide
signal amplification system. The intensities of the DMC1
signals in CCD images were measured using ImageJ
software developed by Wayne Rasband. The threshold to
subtract background signals was determined from the
signals in non-transfected cells, and transfection efficiency
was normalized using the signal intensities of ECFP. Data
were obtained from at least 100 cells in two independent
microscope fields of view.Results
Foreign gene expression at different stages of differentiation
during spermatogenesis in vivo
In vivo DNA electroporation of the adult testis and
subsequent expression of reporter genes in spermatogenic
cells under the control of ubiquitous or haploid-specific
promoters have been described previously (Muramatsu et
al., 1997; Yamazaki et al., 1998, 2000; Yomogida et al.,
2002; Widlak et al., 2003; Ike et al., 2004). However,
reporter-gene expression in the adult testis is mainly
observed in Sertoli cells, and much smaller numbers of
spermatogenic cells, mostly spermatids facing the lumen of
the seminiferous tubule, also express the reporter genes. Asa first step in this study, we carried out in vivo DNA
electroporation of prepubertal testes and examined whether
considerable expression of foreign genes could be obtained
in spermatogonia, spermatocytes, and spermatids during the
first wave of spermatogenesis.
To attain forced gene expression in spermatogonia,
EGFP driven by the human cyclin A1 promoter (Muller
et al., 2000; Muller-Tidow et al., 2003) was used as a
reporter (pCyclinA1-EGFP), and plasmid DNA injection
and electroporation were carried out using testes at
5 dpp, when spermatogonia still reside in the lumen of
the seminiferous tubule. When the testes were recovered
at 8 dpp, just before the appearance of primary
spermatocytes, EGFP expression was observed in sper-
matogonia at the base of developing seminiferous tubules.
The specificity of EGFP expression was confirmed by
immunostaining for TRA98/104, which recognizes the
nuclei of spermatogonia at this stage (Figs. 1C and D).
For foreign gene expression in spermatocytes, EGFP
driven by the human Pgk2 promoter (Robinson et al., 1989),
which becomes active in spermatocytes (pPgk2-EGFP), was
electroporated into testes at 8 dpp. When the testes were
recovered 1 day after electroporation (9 dpp), just around
the time of the appearance of primary spermatocytes, EGFP
was unexpectedly observed in Sertoli cells, whereas at
15 dpp, EGFP expression in Sertoli cells became much
weaker or was undetectable; instead, spermatocytes identi-
fied by immunostaining for SCP3 showed intense EGFP
signals (Figs. 1E and F). Most of these transfected
spermatocytes were observed as characteristic clusters of
EGFP-positive cells.
pPgk2-EGFP was used again as a reporter for spermatids,
since several haploid-specific promoters, including those for
protamine1 (Muramatsu et al., 1997), acrosin (Nakanishi et
al., 1999), and SP10 (Reddi et al., 1999), were much weaker
than the Pgk2 promoter (data not shown). Electroporation
was carried out at 15 dpp, and the testes were recovered at
25 dpp, when haploid spermatids were undergoing spermio-
genesis. EGFP expression at this stage was mostly observed
in spermatids, which were identified by the combination of
immunostaining for FE-J1 that recognizes a cell surface
antigen (Fenderson et al., 1984) and the presence of a
chromocenter in the nuclei (Figs. 1G and H). While smaller
numbers of other cell types showed weaker EGFP signals,
clusters of EGFP-positive spermatids were distinctively
observed in the lumenal regions of seminiferous tubules.
Next, the transfection efficiency at each stage of diffe-
rentiation was examined by Fluorescence Activated Cell
Sorting (FACS) analyses. Spermatogonia transfected with
pCyclinA1-EGFP for 5–8 dpp composed 1.6% of all
testicular cells, corresponding to 5.7% of the spermatogonia
identified with TRA98/104 (Figs. 3A and D). Spermato-
cytes transfected with pPgk2-EGFP (8–15 dpp) comprised
8.4% of the SCP3-positive total spermatocytes (Figs. 3B
and D). At this stage, weaker EGFP signals were also
detected among SCP3-negative cells; the average intensity
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was about one-tenth of that among SCP3-positive sperma-
tocytes (Fig. 2B, R1; note that the vertical axis is in a
logarithmic scale). These weak EGFP signals probably
correspond to those transiently observed in Sertoli cells by
immunostaining of testis sections. The transfection effi-
ciency of haploid spermatids was lower compared toFig. 2. Flow cytometric analysis of in vivo electroporated testes during prepuberta
pCyclinA1-EGFP for 5–8 dpp (A), pPgk2-EGFP for 8–15 dpp (B), and pPgk2-E
antibodies, or PI (C) (top and bottom panels). Testes that were not electroporate
panels). The solid lines and dotted lines in the top panels represent electroporated a
(B), and haploid cells (C, 1N) correspond to spermatogonia, spermatocytes, and
cells and among TRA98-positive (5–8 dpp), SCP3-positive (8–15 dpp), or 1N (15
data obtained by FACS as in A–C from 6, 5, and 7 testes for each transfection pe
also presented. (E) A scattergram of the transfection efficiency (R1 in R1 + R3)spermatogonia and spermatocytes; 1.4% among haploid
(1N) cells were EGFP-positive (Figs. 2C and D). The
transfection efficiency at each stage was tolerably reprodu-
cible as summarized in Fig. 2E.
The degeneration of cells after DNA electroporation was
then examined using anti-ssDNA antibody (Lysiak et al.,
2001). No apparent increase in ssDNA-positive cells wasl development. (A–C) Single-cell suspensions from testes transfected with
GFP for 15–25 dpp (C) were stained with anti-TRA98 (A), anti-SCP3 (B)
d but stained in the same way are also shown as controls (top and middle
nd control testes, respectively. TRA98-positive cells (A), SCP3-positive cells
spermatids. (D) The proportion of EGFP-positive cells among all testicular
–25 dpp) cells is shown as the mean T standard error of the mean (SEM) of
riod, respectively. The proportion of EGFP-positive cells in the R2 region is
of each testis summarized in D.
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(Figs. 3A and B) or 1 and 7 days after electroporation at
8 dpp (Figs. 3C and D) compared to non-treated testes. On
the other hand, a substantial increase in the number of
ssDNA-positive spermatocytes was observed 1 day after
electroporation at 15 dpp (Fig. 3E), suggesting that meiotic
spermatocytes are more sensitive to electroporation than
spermatogonia. Later, 10 days after electroporation, such
differences were indiscernible (Fig. 3F). In general, ssDNA-
positive cells did not show detectable levels of EGFP and
this may indicate that transcriptional and/or translational
activities were impaired in damaged cells before the reporter
accumulated (Taylor et al., 2004). This property could be
advantageous in that physically damaged cells are precluded
from the analyses due to the lack of reporter expression. At
each time point examined, extensive disarray of semi-
niferous epithelium was not evident under the electro-
poration conditions in this study.
RNAi functions throughout spermatogenesis
Using the in vivo DNA electroporation protocols
described above, we next examined whether RNAi is
effective during spermatogenesis. pCyclinA1-EGFP and
DsRed2 for spermatogonia or pPgk2-EGFP and DsRed2
for spermatocytes and spermatids were co-transfected as
reporter genes in the presence of an shRNA expression
vector targeting EGFP, DsRed2 (pH1-shEGFP and pH1-
shDsRed2), or a nonhomologous sequence (pH1-shCon-
trol). The efficiency of co-transfection in these experiments
was more than 95%, as shown by the co-expression of
EGFP and DsRed2 in the presence of pH1-shControl (Figs.
4A–F, quantification not shown).
When pH1-shEGFP was co-transfected with pCyclinA1-
EGFP and DsRed2 at 5 dpp, a significant reduction in EGFP
signals, but not those for DsRed2, was observed inFig. 3. Cell degeneration in prepubertal testes after DNA electroporation. Testes
pPgk2-EGFP) at 5 (A and B), 8 (C and D), and 15 (E and F) dpp were collected
(red) and Hoechst 33342 dye (blue). EGFP signals (green) are merged in the bottom
bars: 50 Am.spermatogonia at 8 dpp (Figs. 4A and B). Conversely,
DsRed2, but not EGFP, was reduced whenH1-shDsRed2was
co-transfected with the two reporters. Similar results were
obtained for spermatocytes (8–15 dpp) and for spermatids
(15–25 dpp) using pPgk2-EGFP and DsRed2 as reporters
(Figs. 4C–F). When pH1-shControl was co-transfected with
the two reporters, neither EGFP or DsRed2 levels were
significantly reduced at any stage. In these experiments,
spermatogenic cells identified by reporter expression were
also verified by immunostaining for TRA98/104, SCP3, or
FE-J1 together with their nuclear morphologies (data not
shown). The relative expression of EGFP and DsRed2
mRNA was then analyzed by quantitative real-time PCR
(Fig. 4G). In the presence of pH1-shEGFP, the amount of
EGFP mRNA normalized against that of DsRed2 was
decreased by more than 90% at each stage (Fig. 4G, left).
Similar results were obtained for pH1-shDsRed2 andDsRed2
mRNA (Fig. 4G, right), indicating that the reduction in
reporter-gene products was due to changes at the mRNA
level. These experiments showed that the RNAi machinery
exists and functions throughout spermatogenesis, from
mitotic spermatogonia and meiotic spermatocytes through
to haploid spermatids. The RNAi effect in spermatocytes was
further corroborated using transgenic mice carrying EYFP
tagged with a mitochondrial localization signal under the
control of a ubiquitous CAG promoter (CAG-EYFP-mito,
Huang et al., 2000). Testes of CAG-EYFP-mito transgenic
mice were transfected with shRNA expression vectors
targeting EYFP-mito (pH1-shEYFP) or pH1-shControl in
the presence of pPgk2-DsRed2 at 8 dpp andwere recovered at
15 dpp. In the presence of pH1-shEYFP, EYFP-mito signals
were substantially decreased in transfected spermatocytes
identified by DsRed2 (Fig. 5A), and FACS analysis revealed
this reduction to be about 50% compared to pH1-shControl
(Fig. 5B). Although there remained EYFP signals in
spermatocytes transfected with pH1-shEYFP, which couldelectroporated with reporter plasmids (A and B, pCyclinA1-EGFP; C–F,
on the indicated days, and sections were stained with anti-ssDNA antibody
panels, and non-treated testes are shown as controls in the top panels. Scale
Fig. 4. RNAi is effective during spermatogenesis. (A and B) Testes were transfected with reporter plasmids pCyclinA1-EGFP and pCyclinA1-DsRed2 in the
presence of shRNA expression vectors pH1-shControl (upper panels), pH1-shEGFP (middle), or pH1-shDsRed2 (lower) at 5 dpp, and recovered at 8 dpp.
EGFP and DsRed2 signals in whole testes (A) and in sections (B) are presented. EGFP (green) and DsRed2 (red) signals were observed in spermatogonia
(arrowhead) in the presence of pH1-shControl, but EGFP or DsRed2 was significantly reduced in the presence of pH1-shEGFP or pH1-shDsRed2, respectively.
(C and D) Testes transfected with reporter plasmids pPgk2-EGFP and pPgk2-DsRed2 in the presence of shRNA expression vectors as in A at 8 dpp and
recovered at 15 dpp, showing the expression or suppression of the reporter genes EGFP and DsRed2 in spermatocytes (arrowhead). (E and F) Testes
transfected with reporter plasmids and shRNA expression vectors as in C at 15 dpp and then recovered at 25 dpp, showing EGFP and DsRed2 expression or
suppression in spermatids (arrowhead). Nuclei were counterstained with Hoechst 33342 dye in (B, D, and F). Scale bars: (A, C, and E) 1 mm and (B, D, and F)
50 Am. (G) The relative expression of EGFP and DsRed2 mRNA in spermatogonia, spermatocytes, and spermatids transfected with reporter plasmids and
shRNA expression vectors as in A–F. Real-time PCRs were carried out in triplicate wells, and relative expression levels of EGFP (left panel) or DsRed2 (right)
are shown as means T SEM.
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present before shEYFP expression or (2) attenuation of the
RNAi effect and reaccumulation of the reporter, this obser-vation confirmed that the transient introduction of shRNA
expression vector significantly silenced endogenous gene
expression in meiotic spermatocytes.
Fig. 5. RNAi of the EYFP-mito transgene in spermatocytes. (A) Testes from EYFP-mito transgenic mice were transfected with pH1-shControl (upper panels) or
pH1-shEYFP-mito (lower) using pPgk2-DsRed2 as a transfection reporter at 8 dpp and recovered at 15 dpp. Spermatocytes expressing DsRed2 distinctively
were then collected. Scale bar, 20 Am. (B) Testes transfected as in Awere dissociated and then analyzed by flow cytometry. Spermatocytes expressing DsRed2
were gated (upper panel, R1), and the EYFP signals of the spermatocytes are shown in the lower panel.
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The in vivo RNAi system was next used to silence the
expression of endogenous DMC1, a DNA recombinase
expressed in spermatocytes at the leptotene and early
zygotene stages (Yoshida et al., 1998). Homozygous null
mutants of Dmc1, generated by targeted gene disruption,
exhibit differentiation arrest of spermatocytes and are sterile
(Pittman et al., 1998; Yoshida et al., 1998), while hetero-
zygous mutants are fertile.
An shRNA expression vector designed to silence Dmc1
(pH1-shDmc1), which reduced the levels of DMC1 over-
expressed by pCAG-Dmc1 in NIH/3T3 cells by approxi-
mately 85% (Fig. 6A, see Materials and methods for
quantification), was electroporated into testes at 5–6 dpp.
pCAG-ECFP, instead of pPgk2-ECFP, was co-transfected as
a transfection reporter, because endogenous DMC1 dis-
appears before the Pgk2 promoter becomes sufficiently
active.
In most of the leptotene spermatocytes transfected with
pH1-shDmc1 (>90% of spermatocytes expressing ECFP),
DMC1 was undetectable or significantly reduced at 10 dpp,
whereas spermatocytes transfected with pH1-shControl
showed normal levels of DMC1, similar to non-treated
spermatocytes (Figs. 6B and C). At 12 dpp, spermatocytes
transfected with pH1-shDmc1 failed to complete synapsis,
as revealed by immunostaining for SCP1, although axial
elements, detected by SCP3, were still observed. The failure
of synapsis despite the formation of axial elements was
identical to the phenotype of Dmc1 null mice (Fig. 6D). In
such spermatocytes transfected with pH1-shDmc1, the
accumulation of phospho-histone H2A.X (gH2A.X) aroundthe sex chromosomes, the sex body, which is a characteristic
of spermatocytes at the late zygotene stage (Mahadevaiah et
al., 2001), was not detected. This indicates that the
localization of gH2A.X to the sex chromosomes requires
DMC1-mediated DNA recombination; this defect in
gH2A.X localization was also observed in the Dmc1 null
mice (Fig. 6E). We also obtained the same results using a
tandem vector that contains H1-shDmc1 and pCAG-ECFP
in a single plasmid (data not shown). These experiments
revealed that transient introduction of the shRNA expression
vector into the testis by electroporation can be applied to the
study of gene function during spermatogenesis in vivo.Discussion
Spermatogonia, spermatocytes, and spermatids appear
successively during the first wave of spermatogenic
differentiation, and the most differentiated spermatogenic
cells occupy the innermost region of the seminiferous
tubule (Zirkin, 1993). The use of prepubertal testes should
therefore allow for easier access of the differentiating germ
cells to DNA injected into the seminiferous tubules,
resulting in more efficient transfection of spermatogenic
cells at earlier stages compared to the adult testis, of which
the inner lumen of the seminiferous tubules is covered
with elongating spermatids and spermatozoa. Expression of
the reporter EGFP was selective for spermatogonia after
the DNA electroporation of 5 dpp testes with pCyclinA1-
EGFP (Fig. 1D and 2A). EGFP was also mostly observed
in spermatocytes and spermatids following transfection
with pPgk2-EGFP at later stages, whereas a smaller
Fig. 6. Suppression of endogenous Dmc1 expression by RNAi and meiotic defects in spermatocytes. (A) NIH/3T3 cells were transfected with pCAG-Dmc1
and pCAG-ECFP in the presence of pH1-shControl (upper panel) or pH1-shDmc1 (lower) for 48 h and then immunostained for DMC1 (blue, ECFP; red,
DMC1). (B) DMC1 immunostaining of sections of testes electroporated at 5–6 dpp with pH1-shControl (upper panels) or pH1-shDmc1 (lower) in the presence
of pCAG-ECFP as a transfection reporter and then recovered at 10 dpp. Note that in the presence of pH1-shDmc1, transfected spermatocytes expressing ECFP
(blue) do not show detectable levels of DMC1 (red) compared to the DMC1 signals in adjoining non-transfected spermatocytes. The dotted lines indicate
seminiferous tubules. (C) The percentage of spermatocytes transfected as in B showing detectable levels of DMC1 by immunofluorescence staining. At least
1000 spermatocytes at the leptotene stage were examined from three testes for each shRNA expression vector. Data are shown as means T SEM. (D and E)
Sections of testes transfected as in B at 5–6 dpp and then collected at 12 dpp were immunostained for SCP3 and SCP1 in D and for SCP3 and gH2A.X in E.
Testes from 3-week-old Dmc1 homozygous knockout and wild-type mice were also examined for comparison. Thread-like structures of SCP1 and the
accumulation of gH2A.X in the sex body in the nuclei, both observed in H1-shControl and wild-type spermatocytes (arrows), were impaired in spermatocytes
transfected with pH1-shDmc1 and in Dmc1 knockout mice (arrowheads). Nuclei were counterstained with Hoechst 33342 dye. Scale bars: (A, D, and E) 10 Am
and (B) 50 Am.
M. Shoji et al. / Developmental Biology 282 (2005) 524–534532population of other cell types also exhibited reporter
expression at lower levels. The promoter region of Pgk2,
which directed the authentic expression of LacZ in
transgenic experiments (Ando et al., 2000), is therefore
not as stringent in episomal states as it is after integration.
A similar discrepancy between episomal and integrated
states was also reported for the hst70 promoter (Widlak et
al., 2003). While spermatocytes and spermatids transfected
with pPgk2-EGFP could be readily distinguished from
spermatogonia and Sertoli cells by their brighter EGFP
signals and positions in seminiferous tubules, the develop-
ment of more stringent promoters that function in the
episomal state would benefit future experiments.By introducing DNA vectors that express shRNAs by in
vivo electroporation, we showed that RNAi is effective
throughout spermatogenesis, during mitosis and meiosis, as
well as in haploid round spermatids. Since overall tran-
scription ceases in elongating spermatids (Kierszenbaum
and Tres, 1975), the RNAi effect during this final stage of
spermiogenesis was not evaluated. In C. elegans, RNAi
functions in transposon silencing in germ cells, and its
failure leads to genomic instability (Vastenhouw and
Plasterk, 2004). In mice, RNAi machinery in preimplanta-
tion embryos also constrains the expression of repetitive
sequences (Svoboda et al., 2004). Also, RNAi in spermato-
genic cells may help regulate transposition and genomic
M. Shoji et al. / Developmental Biology 282 (2005) 524–534 533integrity. However, preimplantation embryos and oocytes,
unlike other somatic cells, do not provoke generalized gene
suppression upon the introduction of >30 bp double-
stranded RNA (dsRNAs, Svoboda et al., 2000; Wianny
and Zernicka-Goetz, 2000). Similarly, spermatogenic cells
may also permit the presence of long dsRNA. The rationale
for this possible difference between germ-line cells and
somatic lineages remains obscure. Elucidation of the factors
and mechanisms that regulate RNAi activity in germ-line
cells, and comparison with that in somatic cells, may
provide insight into the balance present between trans-
position and evolution.
Differentiating spermatogenic cells are inter-connected
via cytoplasmic bridges derived from incomplete cell
divisions, through which molecules and some organelles
diffuse or are transported (Guo and Zheng, 2004; Ventela et
al., 2003). In accordance with this, spermatocytes and
spermatids transfected with pPgk2-EGFP were clustered,
and the cells in the same cluster showed similar levels of
EGFP, suggesting that plasmid DNA or their products
diffuse through the cytoplasmic bridges (Figs. 4D and F).
This property may cause the dilution of shRNAs and
weaken its effects compared to those seen in other
unconnected somatic cells. However, the EYFP-mito trans-
gene, expressed by the strong artificial CAG promoter, was
substantially suppressed by transient introduction of its
shRNA vector. Therefore, the amount of shRNA expressed
from the H1 RNA polymerase III promoter should be
sufficient for the doses of most endogenous genes. The
silencing of Dmc1 in fact led to meiotic defects in
spermatocytes, as was observed in its null mutant, indicating
a dose-dependent requirement for DMC1 for proper
synapsis formation during meiosis.
In vivo RNAi system affords the rapid means for
assessing the physiological roles of spermatogenic genes.
Considering the limited transfection efficiency of electro-
poration at present, the method is suitable for analyzing
genes that function cell-autonomously, such as those that
encode cell-cycle proteins or organelle components, rather
than genes that function via cell–cell interaction, like
secreted growth factors. In such experiments, changes in
intracellular events could be analyzed in clusters of trans-
fected cells identified by reporter expression, and adjoining
non-transfected cells serve as controls. On the other hand,
having confirmed the effectiveness of RNAi during sper-
matogenesis, the introduction of other gene delivery systems
should also be considered for future experiments. Virus
vectors, such as a lentiviral system, have high transduction
efficiency and were recently shown to be effective for
expressing siRNAs in early embryos (Rubinson et al., 2003;
Tiscornia et al., 2003). Meanwhile, possible hurdles for the
usage of virus vectors include special handling required to
prevent potential biohazard risks and intricate procedures
involved in virus preparation. Therefore, a plasmid-based
RNAi system would afford a simpler mean of assessment of
gene functions when multiple genes are being examined,while virus-mediated transduction would be advantageous
for revealing phenotypes that require gene knockdown in
larger populations of cells. The development of spermato-
genic cell-specific promoter that could drive sufficient
amounts of siRNA or the application of Cre-mediated
conditional RNAi system (Chang et al., 2004; Fritsch et al.,
2004; Ventura et al., 2004) would further augment the
applicability of in vivo RNAi system. Such loss-of-gene
function and also gain-of-gene function experiments should
accelerate studies on the molecular mechanisms which
regulate spermatogenesis and the genetic causes of male
sterility in mammals.Acknowledgments
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